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The detailed understanding of the antineutrino emission from research reactors is mandatory for
any high sensitivity experiments either for fundamental or applied neutrino physics, as well as a good
control of the gamma and neutron backgrounds induced by the reactor operation. In this article,
the antineutrino emission associated to a thermal research reactor: the OSIRIS reactor located in
Saclay, France, is computed in a first part. The calculation is performed with the summation method,
which sums all the contributions of the beta decay branches of the fission products, coupled for the
first time with a complete core model of the OSIRIS reactor core. The MCNP Utility for Reactor
Evolution code was used, allowing to take into account the contributions of all beta decayers in-core.
This calculation is representative of the isotopic contributions to the antineutrino flux which can
be found at research reactors with a standard 19.75% enrichment in 235U. In addition, the required
off-equilibrium corrections to be applied to converted antineutrino energy spectra of uranium and
plutonium isotopes are provided. In a second part, the gamma energy spectrum emitted at the
core level is provided and could be used as an input in the simulation of any reactor antineutrino
detector installed at such research facilities. Furthermore, a simulation of the core surrounded by
the pool and the concrete shielding of the reactor has been developed in order to propagate the
emitted gamma rays and neutrons from the core. The origin of these gamma rays and neutrons is
discussed and the associated energy spectrum of the photons transported after the concrete walls is
displayed.
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2I. INTRODUCTION
This work is motivated by several physics goals, spanning fundamental and applied neutrino physics. Reactor
antineutrinos are emitted in huge quantities by reactor cores, and this feature has been used by many particle physicists
since the late fifties to study the neutrino properties [1]. In the seventies, was also born the idea that antineutrino
detection could be used for reactor monitoring [2]. In a reactor core, the production of antineutrinos arises from the
beta decays of fission products. The distribution of the latter nuclei are inherently linked to the structure of the nucleus
undergoing the fission process and to the energy of the impinging neutron. Thus the resulting emitted antineutrinos
reflect the composition of a reactor core, but also its thermal power. These latter features, combined with progresses
in the R&D of small antineutrino detectors and the development of dedicated reactor simulations, could be of interest
for the International Atomic Energy Agency (IAEA) in its task of safeguarding nuclear reactors worldwide [3, 4]. In
parallel, with the advance of the next generation of reactor antineutrino experiments, new calculations of the main
uranium and plutonium isotope antineutrino energy spectra have been recently developed [5, 6] and led to the so-called
”reactor anomaly“ [7]. Several hypotheses have been raised to explain this anomaly, among which the existence of
light sterile neutrinos [8]. Since then, short baseline experimental projects have been born at research reactors in order
to evidence the existence of such sterile neutrinos, in addition to the ones already under development for applications
of neutrino physics [9], or other physics goals such as neutrino nucleus coherent scattering experiments [10], or the
measurement of the neutrino magnetic moment [11].
Originally designed to be a small detector dedicated to reactor monitoring with an optimized detection efficiency,
the Nucifer experiment [12] is one of those experiments that could as well bring additional constraints on the phase
space associated to a sterile neutrino in the eV2 range. This experiment has provided the framework of the results
presented in this article: a simulation of the OSIRIS reactor core close to which Nucifer is installed, a prediction
of the associated antineutrino emission, as well as of the gamma and neutron backgrounds generated by the reactor
operation. Most of worldwide research reactors use fuel enriched up to a maximum of 20% in 235U, which is the upper
limit to be qualified as low enriched uranium and is strongly supported by the International Atomic Energy Agency
[13]. This enrichment guarantees that most of the fissions arises from 235U thermal fission, but there may be a small
contribution to the fissions coming from the 239Pu produced during irradiation from the 80% of 238U composing this
kind of fuel. This contribution has to be quantified as the 239Pu antineutrino energy spectrum shape differs from the
one from 235U, which requires the modelling of the reactor core and of the subsequent antineutrino emission.
The reference antineutrino spectra are still the ones based on the integral beta spectra precisely measured at the
high flux reactor of the Institut Laue Langevin in the eighties [14–17], and lately the integral beta spectrum produced
through fast fission of 238U has been measured in Munich at the Garching reactor [18]. Currently antineutrino spectra
obtained through the conversion of these spectra [5, 6] are the ones exhibiting the smallest systematic errors. However,
it should be mentioned that these systematic errors are the object of numerous discussions, showing that there may
be extra sources of systematics to be accounted for due to nuclear physics theoretical and experimental uncertainties,
insufficiently considered up to now [19]. The recent observation of a distorsion of the antineutrino energy spectra [20]
measured by Double Chooz [21], Reno [22] and Daya Bay [23] above 4MeV with respect to converted spectra reinforces
the need for further investigations. Reactor neutrino experiments have up to now mostly used converted spectra as
predictions to compare their measurements to. As these spectra were measured after a short irradiation time of a
target into a research reactor, an extra correction has to be applied to account for the ”off-equilibrium effects”, due
to the build-up of long lived fission products, and to neutron captures on fission products during the core cycle. An
alternative to this methodology is to use the summation method [5, 24, 25], consisting in summing the contributions of
all beta decayers to the antineutrino spectrum. Up to now, the published summation method spectra were computed
to match the conditions of the individual beta energy spectra of the main uranium and plutonium isotopes, measured
at ILL [14–17] and Garching [18], i.e. not under the physics conditions of a reactor core under operation. In this article,
we have coupled the summation method for the first time with a complete reactor model, allowing us predicting the
low energy part of the antineutrino spectrum, below the Inverse Beta Decay process (IBD) detection threshold, and
evidencing the important contribution of actinides to the antineutrino emission. The obtained antineutrino energy
spectra span an energy range beyond the one of the measured ILL and Garching integral beta spectra, which is the
energy range of the converted spectra, making of the summation method spectra the only available predictions in
these energy regions (below 1.8MeV and beyond 7-8MeV). In addition, are provided in this paper the corresponding
off-equilibrium corrections, deduced for the first time from the simulation of a complete reactor core, that can only
be computed with the summation method.
Experimental conditions at short distance from research reactors are challenging, because the reactor itself produces
huge gamma and neutron backgrounds that induce accidental and correlated backgrounds in an antineutrino target.
The understanding of these backgrounds is of utmost importance and triggered the second part of the work presented
here. We have performed the simulation of the gamma rays and neutrons generated by the OSIRIS research reactor
and propagated them through the water and concrete shieldings which separate the core from the antineutrino
3detector. The background estimation at the core level presented in this article could be used for the optimization of
the background rejection of other experimental setups, or to estimate the physics reach of a foreseen experiment in
the phase space of the oscillation angle and squared mass difference.
In summary, we have thus developed a model of the OSIRIS research reactor core in order to: give orders of
magnitude values of fission rates in small thermal research reactors using fuel enriched at about 20% in 235U ; provide
the required data to compute the emitted antineutrino energy spectrum, including fine effects such as off-equilibrium
corrections; and eventually give estimates of the reactor-generated neutron and gamma backgrounds and identify their
production processes. The paper is organized as follows. A first section describes the OSIRIS research reactor and
its fuel elements. A second section describes the simulation tools which were used to perform these studies and the
associated validation tests. In a third section, are presented the obtained results for the antineutrino energy spectrum
and flux. The last section is dedicated to the neutron and gamma background studies. In Appendix A, are provided
the antineutrino energy spectrum computed with the complete OSIRIS simulation and the summation method for a
reactor at equilibrium and off-equilibrium effects. In Appendix B, we provide a table containing the gamma energy
spectrum emitted by the core, before its propagation through the specific shielding of the OSIRIS reactor, so that it
can be used as an input of a Monte Carlo simulation of another experimental site.
II. THE OSIRIS RESEARCH REACTOR
The OSIRIS research reactor is an experimental reactor with a thermal nominal power of 70 MW [26]. It is a
light water reactor with an open core (57x57x60cm3) which main objective is to irradiate, with a high neutron flux,
samples such as fuel elements and structure materials from power plants, or to produce radioisotopes for medicine
and industry. The reactor delivers a neutron flux of 1018 neutrons.m−2.s−1 for about 200 days per year as an average,
with cycles of 3 to 5 weeks and reactor stop periods of 10 days between cycles.
The core vessel with its rectangular cross-section is made of 4 cm thick Zircaloy and is surrounded by a 11 m deep,
7.5 m long and 6.5 m wide pool. The core vessel contains a rack of 56 cells used for: fuel elements, reflectors, control
rods and experimental devices. Its geometry is displayed in Fig. 1. The core is loaded with 38 standard fuel plate
FIG. 1. View in the horizontal plane of the geometry of the simulated OSIRIS core vessel with MCNPX 2.5.e [28]. The colours
represent the different materials and universes defined in the core model. One can see the structure of the fuel elements (F),
the Beryllium walls (Be), the control rods (CR) and the irradiaton locations (I) with one filled in with 4 Chouca ovens.
elements (F), 6 control command rods (CR), 5 locations for irradiation experiments (I). Two safety rods ensure the
reactor stop while 4 rods are compensative and operating rods. An internal wall (7 cells) and an external wall to
the vessel (5 cm thick) in Beryllium are located on the southern face of the core and act as reflectors. Each of the
five experimental positions in the core contains a water box which can house four tubes containing for each a device
called a ”Chouca oven” used for irradiation experiments. The fuel elements are made with 22 standard fuel plates in
a U3Si2Al alloy, which are enriched in
235U up to 19.75% and conform to the IAEA requirements. Each fuel plate is
0.51 mm thick and encapsulated in an aluminium cladding of 0.38 mm thick. The coolant channel between the plates
is about 2.46 mm. Two edge plates with boron are added to the fuel elements to comply with the regulatory safety
margins and to control the reactivity available at the beginning of irradiation cycle. The upper part of the control
command rods is made of an absorbant material (Hafnium) and the lower part consists in 17 standard fuel plates,
with a cooling channel of 2.79 mm between them. The Nucifer antineutrino detector is placed at 7 m from the core
4behind a 2 m thick concrete wall. The detailed description of the design of the detector can be found in [12].
III. THE MURE SIMULATION
In order to study either the core physics or the core-generated gamma and neutron backgrounds, the simulation
of the reactor was made in several steps: the core alone (C), the core surrounded by the pool (CP) and the core
surrounded by the pool plus a concrete wall (CPW) up to the casemate where the antineutrino detector is located.
The core simulation, cf. Fig. 1, has been performed with the MURE (MCNP Utility for Reactor Evolution) code
coupled to the MCNPX 2.5.e Monte-Carlo code [27, 28]. All the geometrical parameters were taken from public
literature [26, 29]. In the simulation, fuel elements are discretized into evolving cells and the evolution is temporally
discretized. At each time step, an MCNP run is performed in order to compute neutron flux and energy dependence
in each evolving cell. The neutron flux is then used, based on a Runge-Kutta 4th order method, to solve the Bateman
equations which describe the fuel evolution. For each evolving cell, MCNP estimates a neutron flux normalized per
neutron source. A scaling of the neutron flux in the cells is then performed to normalize it in order to reach the
total thermal power value of the reactor given as an input, taking into account the energies released per fission
taken from Kopeikin et al. [30]. Considering the increase of the CPU time of the simulation due to a large spatial
discretization of the geometry, assumptions were made on the discretization of the fuel elements in evolving cells.
No axial discretization was considered for all the reactor simulations performed during this work. Indeed, such axial
dependence of the fission rates is very dependent on the operation of the reactor core with the control rods, which
makes studies specific to the considered reactor site mandatory for each concerned neutrino experiment. This would
be at variance with the objective of our paper - providing generic predictions and information about the antineutrino
and background emission - which could be useful for a wider public than a specific experiment.
Two core models were studied and compared. In the first model, all the fuel elements are treated as a unique
evolving material cell, called a universe. In the Monte-Carlo code MCNP used in the MURE code, the energy is
treated continuously for the description of the associated interaction cross sections of the different considered particles.
The input nuclear cross sections used in this simulation were preferentially taken from the ENDFB/VI library and
a thermal S(α,β) treatment was applied to the interaction of neutrons with water [31]. A multigroup option of the
MURE code was used to gain CPU time, consisting in discretizing the neutron energy distribution of the nuclear
cross sections in 1.79 105 groups. This option was tested in the frame of [32, 33] and showed results in agreement at
the level of 0.2% with the results obtained with a continuous energy treatment for the main fission rates of interest
(uranium and plutonium isotopes) while gaining a factor of 30 in the CPU time of the calculation. In order to ensure
a proper convergence of the neutron source in the geometry, a distribution of source neutrons is propagated in the
geometry with an MCNP simulation using 50 000 source particles, 1 000 inactive cycles and 300 active cycles. The
generated source is then used as an input in the subsequent simulations, with 20 000 source particles, 100 inactive
cycles and 250 active cycles. In the second core model, confidential data, especially more detailed informations on
the geometry [36] are used, and each of the 38 fuel assemblies is considered as an independent evolving cell, i.e. 38
fuel universes are considered.
In order to validate the ability of these simulations to reproduce correctly the core physics, the neutron energy
spectrum in an irradiation cell computed with MURE is compared to the results of [29]. Material samples to be
irradiated at OSIRIS are placed in experimental devices called ”Chouca ovens” designed to reproduce the operational
conditions of a power reactor. These devices (32 mm in diameter) are rods made of an alloy of Zircaloy and stainless
steel, surrounded by NaK and stainless steel layers. They are inserted by groups of 4 in the water boxes. To study the
impact of a converter device on the neutron flux in irradiation experiments, F. Malouch [29] computed the neutron
energy spectrum in a Chouca oven by developing a 2D simulation of the OSIRIS core with the code APOLLO2 which
solves explicitely the neutron transport Boltzmann equation on a spatial mesh and using the CEA93 cross-sections
library consisting in 99 neutron energy groups [34]. The CEA93 cross-sections library is processed from the JEF-2.2
evaluations [34, 35]. This model of the OSIRIS core has been validated with experimental measurements performed
at the OSIRIS reactor. For this reason, we consider it as a reference with which we can compare our models. In
Fig. 2, the neutron energy spectrum in a Chouca oven computed with APOLLO2 (solid black curve) is compared
with the one calculated with MURE with the first core model (solid grey curve) on the 5th day of the power cycle
assuming: a core loaded with fresh fuel, a constant nominal power history and all the fuel assemblies grouped in a
unique universe, cf Fig. 1, and with the second core model (dashed black curve) under the same conditions except
that 38 fuel universes are considered. The overall shape of the neutron energy spectrum is well reproduced by the
MURE calculation. The ratio betwen the neutron fluxes in the thermal and rapid energy ranges is 2.56 with the first
MURE calculation, and 2.06 with the second one, compared with a ratio of 2.05 with APOLLO2.
The normalization discrepancy arises from the unknown fuel loading map and the operation history associated to
the APOLLO2 simulation. Especially no details are available on the power history or on the different energies released
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FIG. 2. Neutron energy spectrum in a Chouca oven computed with APOLLO2 (solid black line extracted from [29]) and with
the MURE code assuming 1 universe for all fuel elements (solid grey line) or 1 universe per fuel element (dashed black line).
per fission taken in the APOLLO2 calculation. Another origin of differences among the results of the APOLLO2 and
MURE simulations arises also from the use of multigroup versus continuous in energy nuclear databases in respectively
deterministic and Monte-Carlo codes, as well as the use of more recent nuclear databases in the case of the MURE
simulation with respect to the APOLLO2 one. This feature can be seen in Fig. 2 in the anti-resonant behaviour of the
neutron energy spectrum between a few hundreds of eV up to a few hundreds of keV. Overall, the good agreement
obtained on the shape of the neutron spectrum validates our core models.
As our objective is to simulate a typical research reactor antineutrino flux, a periodic refueling of the core was
implemented. The fuel evolution of the OSIRIS reactor was simulated over 200 days with a refueling of the core
every 20 days by seven-th which corresponds to the length of a typical OSIRIS reactor cycle. The CPU cost of such
a detailed simulation imposes to simplify it. To this purpose, we have grouped the assemblies in seven universes in
order to take into account the refueling of the core by one seven-th every twenty days. The refueling scenario is
described on Table I. The initials CR and I refer respectively to the location of the Control Rods and Irradiation
cells. The numbers (one to seven) refer to the refueling order of the fuel in the reactor core. At each refueling, the
fuel labeled 1 is replaced by the one labeled 2 and so on until 6. The last fuel block (7) is replaced by fresh fuel.
The cooling time of the fuel blocks between real reactor cycles is neglected in the calculation of the reactor evolution.
Indeed this cooling time would affect mainly the fission rate of 241Pu which contribution to the fissions is very small,
considering the enrichment of the fuel. The distribution of the fission rates for the 4 main fissile nuclei: (235U, 238U,
6 6 5 5 5 7 7
6 2 CR 3 CR 2 7
4 3 1 I 1 3 4
4 2 CR 1 CR 2 4
4 3 1 I 1 3 4
7 2 CR 3 CR 2 6
7 I 5 I 5 I 6
TABLE I. Refueling scenario chosen for the MURE calculation.
239Pu and 241Pu) is presented in Fig. 3 for an evolution of 280 days and 13 refuelings by seven-th. The fission rates
are constrained by the power maintained at its nominal value along the evolution. By definition, the equilibrium of
the reactor is reached when the fission rates show a periodic pattern repeated every 20 days. This is reached for the
6different contributions after 260 days, i.e the beginning of the third refueling cycle for the different fuel blocks. For
a reactor with this fuel composition at equilibrium, the main contributor to the total amount of fissions in-core is
235U. For this isotope, the variation of the fission rate between the beginning and the end of the cycle is about 2-3%.
Antineutrino emission thus mainly arises from the fission of 235U as it will be discussed in the next section.
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FIG. 3. Distribution of the fission rates in percent for the 4 main fissile nuclei: 235U, 238U, 239Pu and 241Pu taking into account
a refueling scenario of 20 day period.
IV. ASSOCIATED ANTINEUTRINO EMISSION
The antineutrino energy spectrum and flux are computed using the summation method [5, 24] using the MURE
code coupled to nuclear databases containing beta decay properties of the fission products. The principle is to sum
all the contributions of the beta decay branches of the fission products to obtain the total antineutrino spectrum,
weighted by the fission product concentrations computed with MURE. In this article, the nuclear databases are the
same as the ones presented in [24], including the latest published Total Absorption Spectroscopy experimental results
[37] and [25]. In the subsections below, we present antineutrino energy spectra computed in two different ways, using
in both cases the summation method. In the first case, the complete core model is used to provide the amount in-core
of all beta minus emitters, allowing for the first time to take into account all the contributions, i.e. not only the fission
products but also the contribution of the actinides and heavy nuclei produced during core operation. The β/ν¯ energy
spectrum emitted by the reactor core is thus broken-up into the sum of all β/ν¯ spectra of the beta minus emitters
(labelled be) in-core, weighted by their activity Abe:
S(E, t) =
Nbe∑
be=1
Abe(t)× Sbe(E) (1)
Eventually, the β/ν¯ spectrum of one beta emitter is the sum over the b branches of all β decay spectra (or associated
ν¯ spectra), Sbbe (in eq 2), of the parent nucleus to the daughter nucleus weighted by their respective branching ratios
as
Sbe(E) =
Nb∑
b=1
BRbbe × S
b
be(Zbe, Abe, E
b
0be, E) (2)
In the second case, the complete core model is only used to provide the fission rates, which are then weighted with
individual uranium and plutonium isotope spectra computed with the summation method, to obtain the total spectrum
7emitted by the OSIRIS reactor. The latter method is similar to the one used by reactor neutrino experiments i.e.
weight individual antineutrino spectra from the main uranium and plutonium isotopes with their fission rates [21–23]
in the following way:
Nν(E, t) =
P (t)∑
k αk(t)Ek
∑
k
αk(t)Sk(E). (3)
The first term accounting for the number of fissions occuring over the time t is the ratio of the thermal power over the
average energy released per fission of the four isotopes present in the fuel. αk(t) stands for the percentage of fissions
undergone by the isotope k and is computable by reactor evolution codes. Its mean energy released per fission, Ek, is
stored in nuclear databases. The second term of eq. 3 represents the total ν¯ spectrum emitted by a reactor per fission.
It is defined as the sum over the 4 isotopes (235;238U and 239,241Pu) of the fraction of fissions undergone by the kth
isotope times the ν¯ spectrum per fission of the same isotope Sk(E). In this paper, the β/ν¯ spectrum per fission of a
fissible isotope Sk(E) is calculated with the summation method, i.e. it is the sum of all fission product β/ν¯ spectra
weighted by their activity Afp,
Sk(E) =
Nfp∑
fp=1
Afp × Sfp(E) (4)
where each Sfp is computed as in Eq. 2 above.
The individual spectra Sk(E) are computed after an irradiation time corresponding to or close to the times for
which converted spectra were obtained from ILL and Garching measurements i.e. 12hours for 235U and 36hours for
the three other fissible nuclei, and without the contribution of neutron captures on the fission products, as in the ILL
experimental conditions.
The impact of the evolution of the concentration of antineutrino emitters in-core due to reactor physics and nuclide
half-lives can be deduced from the discrepancy between the two calculations of the total antineutrino energy spectrum
emitted by the reactor presented above. Using the summation method in both cases should allow to eliminate a large
part of the systematic errors due to the calculation method as all correlated errors vanish in the relative discrepancy
between both calculations. In this way, the deduced effects are also directly applicable to correct the converted spectra
used for computing the total antineutrino flux by the reactor neutrino experiments.
In the next two subsections, are presented the obtained emitted antineutrino flux and energy spectrum and an
example of flux and energy spectrum detected using the IBD process with a small liquid scintillator detector doped
with Gd, placed at 7m from the OSIRIS reactor core with a detection efficiency of 50%.
A. Emitted Antineutrino Flux and Spectrum
In Fig. 4, the summation is made over the fission product concentrations computed with the OSIRIS core simulation
described above, and includes the contributions of the beta decays of actinides which contribute to the energy spectrum
at low energy, below the detection threshold of 1.8 MeV of the IBD process. It includes also off-equilibrium effects
due to neutron capture on fission products or to the evolution of the fission product amounts after core start-up.
According to this simulation, the variation of the antineutrino flux emitted along the fuel cycle is of about 2-3%.This
variation is weak because of the important enrichment of the fuel in 235U, which minimizes the contributions of other
nuclei such as 239Pu and 238U to the fission rates. On the one hand, this could be an advantage for fundamental
physics purposes as the antineutrino energy spectrum associated to the fission of 235U is the most precisely known.
It also means that if neutrino detectors with a good energy resolution are used, experiments located close to research
reactors could provide new measurements of the 235U antineutrino energy spectrum. On the other hand, it shows
that the measurement of the contribution of 239Pu to the fissions with an antineutrino detector for non-proliferation
purposes is challenging in such a research reactor.
The emitted flux computed with the complete core model presented here connected with the summation method
is much larger than when using the individual energy spectra of 235U, 239Pu, 238U and 241Pu, computed with the
summation method after respectively 12, 36, 36 and 36 hours of irradiation, weigthed with the fission rates arising
from the same core simulation. This is due to the contribution of 239U and 239Np beta decays at low energy, as
can be seen on the emitted energy spectra computed with both methods and presented in Fig. 5 a) and b). These
two latter figures correspond to two sets of time steps of the core simulation. Fig. 5 a) displays the evolution of the
antineutrino energy spectrum at the very beginning after the start-up of a core loaded with fresh fuel. The increase of
the antineutrino energy spectra can be seen at 0.5, 3, 10 and 19.9 days after start-up. The spectra displayed in plain
lines show the summation calculation directly issued from the complete core simulation, while the spectra in dashed
8Time (days)
0 50 100 150 200 250
Ab
so
lu
te
 
An
tin
e
u
tri
n
o 
R
at
e
/S
ec
o
n
d
10.5
11
11.5
12
12.5
1810×
  
FIG. 4. Antineutrino flux emitted by a research reactor with a 235U enriched fuel of 19.75% computed with the summation
method.
lines show the calculation using the individual spectra weighted by the fission rates from the same simulation. The
power of the reactor core is kept constant in the simulation. One can notice that regarding the spectra computed
using the individual uranium and plutonium spectra, the time evolution has no impact; the four dashed line spectra
are superposed. This is awaited as these individual spectra have been computed without off-equilibrium effects or
other reactor physics effects, and after a fixed irradiation time. The discrepancy between both calculations in terms
of normalization and evolution with time is clearly evidenced, due to the effects mentioned above: contribution of
actinides that can be accounted for only in a complete core simulation, and off-equilibrium effects which include the
effect of neutron capture on the fission product concentrations and the time evolution of their concentrations in-core
with respect to the chosen irradiation time of the individual spectra. These contributions may be different at reactors
using a different type of fuel, exhibiting another neutron energy spectrum, or based on other designs such as power
stations. Indeed the contributions of 239U and 239Np arise from successive neutron captures and beta decays starting
from 238U at the origin of the creation of 239Pu. These contributions will be more pronounced in PWRs in which
the creation of 239Pu is such that this isotope exhausts nearly half of the total fission rate at the end of a cycle. The
discrepancy between emitted antineutrino spectra from both methods is even more pronounced for spectra computed
for the core having reached its composition at equilibrium, as illustrated in Fig. 5 b) which is the same as Fig. 5 a)
but computed after 201, 203, 210 and 219.9 days of core evolution with a periodic refueling by seventh of the core
every 20 days. Here again, the spectra built with the individual spectra are superposed. The spectra built with the
complete core model are much more alike than before, showing that the evolution of the fuel composition is weaker
when the reactor has reached equilibrium.
In Appendix A, a table is provided containing the emitted antineutrino energy spectrum at 210 days after core
start-up, computed with the sum of the contribution of all β-emitters in the complete core model, in order to allow
the reader to use it as an input of the simulation of any specific detection setup. This could be useful for experiments
chasing sterile neutrinos at research reactors. The energy spectrum can also be used in neutrino nucleus coherent
scattering experiments, or any other experiment using another interaction process than the inverse beta decay [10, 11].
B. Example of Antineutrino Energy Spectrum and Flux Detected by the IBD process
In Fig. 6 are displayed the antineutrino fluxes, computed with the two methods exposed above (in dashed line
with the complete core model, in plain line with individual spectra), which would be detected in a detector filled in
with 0.85 t of liquid scintillator doped with Gd at 7 m from the core and with a detection efficiency of 50%. The
energy spectra corresponding to Fig. 5 b) have been folded by the IBD process cross-section [38], weighted by the
afore mentioned solid angle and detection efficiency. No energy resolution nor energy dependence of the detection
efficiency have been taken into account here, in order to show an example of result rather independent from the
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FIG. 5. Emitted antineutrino energy spectra computed with the complete core model (plain lines) and with individual sum-
mation method spectra for 235U, 239Pu, 238U and 241Pu weighted by the fission rates computed with the same core simulation
(dashed lines) for the following time after core start-up: a) 0.5, 3 days, 10 days and 19.9 days ; b) 201 days, 203, 210 and
219.9 days. Results for dashed lines are superposed.
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FIG. 6. Antineutrino flux which would be measured in a detector with a 50% efficiency placed at 7m from a research reactor
with a 235U enriched fuel of 19.75%. The red dashed and black plain lines correspond respectively to the complete core model
method and to the individual spectra method.
used experimental setup. The obtained variation of the detected antineutrino flux along a fuel cycle is only of 0.7%.
Though very small, this variation is not null, and a misuse of the reactor which would imply a larger 239Pu content
in-core could result in a visible variation with a high efficiency detector, as shown with a toy model in ref. [12]. More
detailed studies using our reactor model are contemplated, and beyond the scope of this article. A small discrepancy
between the detected fluxes computed with the two methods presented above can be seen, which remains well below
10
one percent. Indeed, after folding with the IBD cross-section, the discrepancies nearly totally vanish and the two
fluxes are very similar. This is well understandable as the effects of the beta decays of actinides, neutron capture
and evolution of the fission product concentrations are very much suppressed by the detection threshold of the IBD
process.
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FIG. 7. a) The two spectra presented are the ones from Fig. 5 b) taken after 201 days of core operation and folded with the
IBD cross-section, and detected in a detector placed at 7m from the reactor, with a target volume of 0.85m3 of Gd-doped
scintillator and assuming a 50% detection efficiency. The plain line represents the spectrum computed with the complete reactor
model coupled with the summation method, while the dashed line represents the spectrum built with the individual uranium
and plutonium antineutrino spectra weighted by their contributions to the fissions in-core. b) Relative difference (spectrum
from the complete core coupled to summation method - individual summation method spectra weighted by fission rates) over
the spectrum from the complete core coupled to summation method, after folding by the IBD cross-section and in the same
detection conditions as a).
The detected antineutrino energy spectra in the conditions exposed above are displayed in Fig. 7 a), for a reactor
considered at equilibrium (201 days after core start-up), just after refueling, thus at the beginning of a new cycle.
The black plain line represents the spectrum built with the distribution of the fission products from the OSIRIS
core model, while the red dashed line represents the spectrum built using the individual spectra from the four main
uranium and plutonium isotopes. The remaining discrepancy between the two spectra is located between 1.8 and
3.5MeV. Fig. 7 b) allows to highlight the relative difference among them, giving the contribution of actinide beta decay,
neutron capture and fission product evolution after folding the spectra with the inverse beta decay cross-section, after
201days (in black), 203days (in grey), 210days (in red) and 219.9 days (in green) of core evolution. One can see that
the order of magnitude of these corrections with respect to individual spectra taken at the irradiation time of the ILL
measurements by [17] reaches 3.5% at the detection threshold and lies between 2.0 and 2.4% at 2.5MeV depending
on the core irradiation time. These effects fall below 1% after 3MeV. The impact of the off-equilibrium effects is not
negligible at the IBD detection threshold and is influenced by the short duration of the research reactor cycle (20 days
in the case of OSIRIS) which imposes the renewal of one seventh of the fuel. Antineutrino experiments installed at
research reactors using Low Enriched Uranium fuel will have to cope with such effects. Research reactors using High
Enriched Uranium fuel should exhibit similar effects, except at the IBD threshold, where the beta decay of actinides
have an impact. Indeed, the contribution of the actinide beta decays should be much smaller due to the smaller
quantity of 238U in-core. In Appendix A, a table is provided containing the relative difference displayed in Fig. 7 b)
after 210 days of core operation.
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V. GAMMA AND NEUTRON BACKGROUND
In a reactor environment, the gamma sources are numerous: prompt gamma rays emitted when the fission process
occurs, γ decays of the fission fragments after their β− decays, (n,γ) reactions in the fuel or in different reactor
components, and more generally gamma rays emitted by the excited nuclei created in the different processes. Using
the attenuation coefficients available in the literature for water, air and concrete, the total attenuation of the gamma
rays emitted and transported up to the Nucifer detector casemate was estimated to be about 108 at 8 MeV, 1010
at 4 MeV and up to 1021 at 1 MeV. In order to study in details the production process of gamma rays and their
propagation to the detector casemate with enough statistics, the simulated pool and concrete walls were discretized
in cells of 50 cm. A variance reduction technique was also used by weighting the importance of the different cells by
the number of γ tracks. The chosen strategy was to perform simulations with the reactor core only (C), core and
pool only (CP) and core-pool plus concrete walls (CPW) with the MCNPX 2.7.d code [28] using preferentially the
ENDFB/VI cross-section library and the ENDFB/VII one for photonuclear reactions plus a thermal S(α,β) treatment
of the scattering reactions in the water [31, 39]. The purpose of these three different simulations was to understand
the origin of the gamma rays and neutrons reaching the experiment location. This method also allowed to decrease
the CPU cost, as the transportation of the gamma rays from the core through the pool and the concrete walls is
challenging. The core model adopted in this study is the first one presented in section III: a core loaded with fresh
fuel and all the fuel assemblies grouped in a unique universe. As a first step in each of the three cases (C, CP, CPW),
a simulation of reference using the default physics option of MCNPX 2.7.d for the γ transport was performed in order
to carry out the simplest simulation with the following reactions : Compton scattering, pair production, Thomson
and Rayleigh scatterings, photoelectric effect plus K and L shell flurorescences. In a second step, extra simulations
were performed by adding only one additional physics phenomenon at a time: delayed gamma rays, Bremsstrahlung,
photonuclear reactions, in order to estimate their respective contributions in the neutron and gamma production
processes. In order to propagate the source correctly in the geometry, a source is generated with a simulation using 50
000 source particles, 1 000 inactive cycles and 700 active cycles. The generated source is then used in the subsequent
simulations, with 50 000 source particles, 20 inactive cycles and 470 active cycles.
The final gamma spectrum calculated with MURE for a reactor fuel composition at equilibrium after 20 days and
taking into account all these reactions is presented in Fig. 8. The upper part of the figure refers to the gamma rays
produced in the reactor core, also tabulated in Appendix B, and the lower part to the gamma background expected in
the detector casemate. The size of the energy bins is 10 keV. The electron transport is not directly included in these
simulations. Instead, a Thick Target Bremsstrahlung model is used which assumes that the electrons are generated in
the direction of the incident gamma ray and immediately annihilated after generating Bremsstrahlung gammas. The
2.2 MeV gamma ray, attenuated in the concrete walls, corresponds to the (n,γ) radiative capture by hydrogen nuclei
contained in water. One of the most important gamma ray at 7.7 MeV is due to the radiative capture on 27Al which
is included in the fuel cladding. Radiative captures on 9Be included in the reflector walls were also identified. The
neutron and photon transports performed with MCNPX 2.7.d after one time evolution step takes 24 hours using a 3
GHz Intel R© Xeon R© E5450 processor. The contribution of delayed gammas could also be included in our MCNPX
2.7.d calculation using either multigroup data either a multigroup mode coupled to energy lines if individual data
are available [40]. The computing time needed for a multigroup mode coupled to energy line calculation added to
the computing time needed for the fuel evolution prevents such a detailed calculation. However, the multigroup data
calculation gives the general shape of the gamma energy spectrum and meets our needs with respect to the energy
resolution of the NUCIFER detector. In this case, the number of γ tracks in the CPW simulation is multiplied by
5 and the computing time increased by 50%. K and L shell flurorescences contribute to 40% of the total number of
γ tracks in the complete simulation. Most of the fluorescence reactions (85%) occurs in the core where are located
the elements with a high atomic number such as the fuel elements. The respective contributions of the gamma rays
created by Bremsstrahlung in the core, pool and casemate are 71%, 27% and 2% with typically energies lower that 3
MeV and then could be neglected for the background computation in the detector casemate.
The neutrons emitted by the core are thermalized in the pool. The influence of the photonuclear reactions and
especially the neutron production through the (γ,n) reactions is also studied. Only photonuclear reactions with a
reaction threshold below 8 MeV are considered because it corresponds to an important decrease in the gamma flux,
as shown in Fig. 8. The comparison of C, CP and CPW simulations shows that 85% of the photonuclear reactions
occur in the concrete walls, mostly (γ,n) reactions on 40K. This secondary neutron production could partly explain
the neutron background measured in the detector casemate by the Nucifer collaboration [12] and which increases with
the reactor power. Further studies are required to know the exact percentage of 40K in the concrete walls and the
access to a detailed composition of the different concretes used in the OSIRIS facility, and are beyond the scope of
this paper.
In Fig. 9, the gamma flux rate expected in the detector casemate is calculated with MURE for a reactor cycle of 20
days considering a fuel composition at equilibrium obtained with the refueling scenario presented in the section III.
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FIG. 8. Gamma spectra computed with MURE for a reactor fuel composition at the equilibrium after 20 days in the core
(upper panel) and in the casemate (lower panel).
No energy threshold is applied on the gamma detection. The error bars are statistical and computed using the number
of γ tracks. From this calculation, the gamma flux rate in an antineutrinos detector of 10 m2 surface is estimated
to be 2.5 MHz. A more realistic fuel composition could be used in the future to improve the normalisation of the
gamma flux rate but this first result is already in good agreement with the order of magnitude of 5 MHz measured in
the casemate by the NUCIFER collaboration [41].
VI. CONCLUSIONS
The simulation of the OSIRIS research reactor (CEA-Saclay, France), was performed with the MURE code, including
the core, the pool and a detector casemate located behind concrete walls where the Nucifer antineutrino detector has
been placed at 7m from the core. The implementation of the periodic refueling of the core every 20 days by seven-
th made it possible to carry out a first study of the emitted antineutrino spectrum which could be measured at
such a research reactor. This core simulation was benchmarked with the neutron energy spectrum calculated in an
irradiation cell by the deterministic code APOLLO2. The antineutrino energy spectrum and flux were computed using
the summation method, coupled for the first time to the modelization of a reactor core evolution. The variation of the
detected antineutrinos along a 20 days operation cycle was calculated. It was shown that the contribution of 239Pu and
241Pu to the antineutrinos spectrum is weak, due to the 20% fuel enrichment in 235U, which is a common enrichment at
research reactors. The emitted antineutrino energy spectrum associated to the reactor fuel at equilibrium is provided
and could be used by experiments studying fundamental properties of neutrinos at such facilities. Off-equilibrium
effects affecting the antineutrino spectral shape due to neutron capture and time evolution of the fission product
concentrations in-core were computed, as well as the impact of actinides created along the operation of the reactor.
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FIG. 9. Gamma flux rate in the detector casemate as a function of time, computed with MURE from a reactor fuel composition
at the equilibrium.
The obtained corrections could be applied to antineutrino energy spectra computed by conversion of the ILL reference
beta spectra [14–17] like the ones from [6] in the frame of any sterile neutrino experiment located at a research reactor
using a similar fuel enrichment. In a second part, a detailed study of the gamma ray background was performed.
This work allowed a better understanding of: the contribution of the fluorescence reactions of fuel, the importance of
Bremsstrahlung reactions for the gamma rays present in core and their negligible contribution in the casemate, and
the origin of the neutron background measured in the casemate. The latter does not come directly from the core but
rather from (γ,n) reactions on 40K nuclei present in the concrete walls. Overall the model succeeded to reproduce the
gamma background rate level measured at the location of the Nucifer detector. The gamma energy spectra produced
by the reactor core, and after propagation up to the detector location are provided, as these results could be used to
compute the sensitivity of short baseline reactor neutrino experiments foreseen in the frame of the search of potential
sterile neutrinos.
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Appendix A: ANTI-NEUTRINO EMISSION FROM THE OSIRIS RESEARCH REACTOR
1. Anti-neutrino rate emitted by the OSIRIS research reactor, computed with the complete core model
with the MURE code and the summation method, for a reactor fuel composition at equilibrium, after 210
days of irradiation and a periodic refueling every 20 days. The total fission rate in-core at this irradiation
time is 2.16007 1018 fissions per second.
Energy (MeV) ν¯.s−1 Energy (MeV) ν¯.s−1
0.05 1.740189e+17 6.15 5.893318e+15
0.15 4.430448e+17 6.25 5.178195e+15
0.25 6.231897e+17 6.35 4.691593e+15
0.35 6.231105e+17 6.45 4.252763e+15
0.45 5.502131e+17 6.55 3.816455e+15
0.55 5.699411e+17 6.65 3.380173e+15
0.65 5.622272e+17 6.75 2.979807e+15
0.75 5.633882e+17 6.85 2.652472e+15
0.85 5.703429e+17 6.95 2.293995e+15
0.95 5.550602e+17 7.05 1.995576e+15
1.05 5.232802e+17 7.15 1.601314e+15
1.15 4.73154e+17 7.25 1.401966e+15
1.25 3.965951e+17 7.35 1.163696e+15
1.35 3.643601e+17 7.45 9.648392e+14
1.45 3.527266e+17 7.55 8.090379e+14
1.55 3.385362e+17 7.65 6.895844e+14
1.65 3.230806e+17 7.75 5.690034e+14
1.75 3.07326e+17 7.85 4.659756e+14
1.85 2.887332e+17 7.95 3.686017e+14
1.95 2.691265e+17 8.05 2.487741e+14
2.05 2.547182e+17 8.15 1.229085e+14
2.15 2.350878e+17 8.25 1.057696e+14
2.25 2.183044e+17 8.35 8.184408e+13
2.35 2.034623e+17 8.45 7.14895e+13
2.45 1.89149e+17 8.55 5.35679e+13
2.55 1.775137e+17 8.65 4.750343e+13
2.65 1.627337e+17 8.75 4.17801e+13
2.75 1.534323e+17 8.85 3.666975e+13
2.85 1.433899e+17 8.95 3.030192e+13
2.95 1.331654e+17 9.05 2.578095e+13
3.05 1.258777e+17 9.15 2.236928e+13
3.15 1.183501e+17 9.25 1.948864e+13
3.25 1.093634e+17 9.35 1.696136e+13
3.35 1.012903e+17 9.45 1.457185e+13
3.45 9.299688e+16 9.55 1.155702e+13
3.55 8.543704e+16 9.65 9.808602e+12
3.65 7.804873e+16 9.75 8.031613e+12
3.75 7.258166e+16 9.85 6.048608e+12
3.85 6.745682e+16 9.95 4.008019e+12
3.95 6.190826e+16 10.05 3.61989e+12
4.05 5.58247e+16 10.15 3.204932e+12
4.15 5.107217e+16 10.25 2.899176e+12
4.25 4.615847e+16 10.35 2.667792e+12
4.35 4.232445e+16 10.45 2.444314e+12
4.45 3.819769e+16 10.55 2.232537e+12
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Energy (MeV) ν¯.s−1 Energy (MeV) ν¯.s−1
4.55 3.439567e+16 10.65 2.029009e+12
4.65 3.086262e+16 10.75 1.827596e+12
4.75 2.807835e+16 10.85 1.638106e+12
4.85 2.579924e+16 10.95 1.46054e+12
4.95 2.333401e+16 11.05 1.292428e+12
5.05 2.134674e+16 11.15 1.130929e+12
5.15 1.938639e+16 11.25 9.768183e+11
5.25 1.740206e+16 11.35 8.304093e+11
5.35 1.524291e+16 11.45 6.587883e+11
5.45 1.36163e+16 11.55 5.426998e+11
5.55 1.213131e+16 11.65 4.366619e+11
5.65 1.089618e+16 11.75 2.559623e+11
5.75 9.716239e+15 11.85 2.099621e+11
5.85 8.659354e+15 11.95 1.689463e+11
5.95 7.50986e+15
17
2. Relative difference between the anti-neutrino energy spectrum computed with the full reactor simulation
and the one computed with individual uranium and plutonium spectra weigthed by their fission rate, for a
fuel at equilibrium after 210 days of operation after core start-up.
Energy (MeV) × 100 %
1.85 0.03609757
1.95 0.02707437
2.05 0.02718471
2.15 0.02546489
2.25 0.02506002
2.35 0.02497896
2.45 0.02288799
2.55 0.02312404
2.65 0.02175478
2.75 0.01821285
2.85 0.01503365
2.95 0.009069239
3.05 0.006876275
3.15 0.006533411
3.25 0.006200885
3.35 0.005722467
3.45 0.005166168
3.55 0.004441589
3.65 0.0009939532
3.75 0.001031848
3.85 0.00106368
3.95 0.001099912
4.05 0.001149663
4.15 0.001184067
4.25 0.001223862
4.35 0.001229006
4.45 0.001236744
4.55 0.001219581
4.65 0.001205636
4.75 0.001146485
4.85 0.001047904
4.95 0.0009472108
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Appendix B: GAMMA SPECTRUM IN THE CORE, COMPUTED WITH MURE FOR A REACTOR
FUEL COMPOSITION AT THE EQUILIBRIUM AFTER 20 DAYS.
Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
5.e-03 4.653870e+10 1.5e-02 2.459524e+12
2.5e-02 5.479520e+12 3.5e-02 2.429655e+13
4.5e-02 5.707469e+13 5.5e-02 9.324600e+13
6.5e-02 1.305900e+14 7.5e-02 1.715681e+14
8.5e-02 1.880741e+14 9.5e-02 1.915137e+14
1.05e-01 3.532411e+14 1.15e-01 1.939284e+14
1.25e-01 1.334830e+14 1.35e-01 1.202398e+14
1.45e-01 1.211312e+14 1.55e-01 1.228086e+14
1.65e-01 1.244392e+14 1.75e-01 1.259640e+14
1.85e-01 1.281520e+14 1.95e-01 1.288669e+14
2.05e-01 1.291807e+14 2.15e-01 1.292675e+14
2.25e-01 1.266951e+14 2.35e-01 1.243767e+14
2.45e-01 1.201347e+14 2.55e-01 1.138083e+14
2.65e-01 1.075501e+14 2.75e-01 1.034510e+14
2.85e-01 1.004098e+14 2.95e-01 9.773653e+13
3.05e-01 9.551459e+13 3.15e-01 9.314042e+13
3.25e-01 9.201826e+13 3.35e-01 9.060562e+13
3.45e-01 8.935677e+13 3.55e-01 8.876754e+13
3.65e-01 8.784305e+13 3.75e-01 8.587233e+13
3.85e-01 8.371184e+13 3.95e-01 8.158802e+13
4.05e-01 7.967126e+13 4.15e-01 7.757888e+13
4.25e-01 7.572301e+13 4.35e-01 7.402932e+13
4.45e-01 7.353233e+13 4.55e-01 7.220531e+13
4.65e-01 7.239228e+13 4.75e-01 7.205590e+13
4.85e-01 7.145713e+13 4.95e-01 7.094341e+13
5.05e-01 6.946425e+13 5.15e-01 1.731610e+14
5.25e-01 6.232066e+13 5.35e-01 6.076368e+13
5.45e-01 5.914163e+13 5.55e-01 5.855246e+13
5.65e-01 5.926384e+13 5.75e-01 5.993465e+13
5.85e-01 5.969687e+13 5.95e-01 5.973809e+13
6.05e-01 5.976363e+13 6.15e-01 5.849647e+13
6.25e-01 5.756870e+13 6.35e-01 5.477989e+13
6.45e-01 5.321797e+13 6.55e-01 5.127214e+13
6.65e-01 5.119945e+13 6.75e-01 5.094117e+13
6.85e-01 5.047486e+13 6.95e-01 4.911307e+13
7.05e-01 4.788626e+13 7.15e-01 4.701319e+13
7.25e-01 4.668381e+13 7.35e-01 4.615199e+13
7.45e-01 4.564283e+13 7.55e-01 4.512744e+13
7.65e-01 4.420758e+13 7.75e-01 4.388385e+13
7.85e-01 4.311749e+13 7.95e-01 4.278424e+13
8.05e-01 4.238735e+13 8.15e-01 4.155596e+13
8.25e-01 4.078006e+13 8.35e-01 4.048174e+13
8.45e-01 5.063238e+13 8.55e-01 4.139609e+13
8.65e-01 3.806078e+13 8.75e-01 3.720643e+13
8.85e-01 3.657849e+13 8.95e-01 3.563244e+13
9.05e-01 3.498379e+13 9.15e-01 3.419516e+13
9.25e-01 3.391206e+13 9.35e-01 3.340647e+13
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
9.45e-01 3.297169e+13 9.55e-01 3.247479e+13
9.65e-01 3.194422e+13 9.75e-01 3.143307e+13
9.85e-01 3.156702e+13 9.95e-01 3.064000e+13
1.005 2.994626e+13 1.015 5.439541e+13
1.025 2.882216e+13 1.035 2.876424e+13
1.045 2.847578e+13 1.055 2.816750e+13
1.065 2.773176e+13 1.075 2.728923e+13
1.085 2.699570e+13 1.095 2.709985e+13
1.105 2.632806e+13 1.115 2.629953e+13
1.125 2.623039e+13 1.135 2.629709e+13
1.145 2.572838e+13 1.155 2.537857e+13
1.165 2.564046e+13 1.175 2.538028e+13
1.185 2.540142e+13 1.195 2.501962e+13
1.205 2.494450e+13 1.215 2.488900e+13
1.225 2.471286e+13 1.235 2.442533e+13
1.245 2.440763e+13 1.255 2.407413e+13
1.265 2.380189e+13 1.275 2.343548e+13
1.285 2.353034e+13 1.295 2.294767e+13
1.305 2.247839e+13 1.315 2.234088e+13
1.325 2.197398e+13 1.335 2.197745e+13
1.345 2.151038e+13 1.355 2.113751e+13
1.365 2.084376e+13 1.375 2.060764e+13
1.385 2.034308e+13 1.395 2.023557e+13
1.405 1.961304e+13 1.415 1.993370e+13
1.425 1.926749e+13 1.435 1.942573e+13
1.445 1.864245e+13 1.455 1.844255e+13
1.465 1.798841e+13 1.475 1.780898e+13
1.485 1.760359e+13 1.495 1.732033e+13
1.505 1.711477e+13 1.515 1.685819e+13
1.525 1.626740e+13 1.535 1.669510e+13
1.545 1.644885e+13 1.555 1.597641e+13
1.565 1.581397e+13 1.575 1.563871e+13
1.585 1.557118e+13 1.595 1.570263e+13
1.605 1.512402e+13 1.615 1.525844e+13
1.625 1.605296e+13 1.635 1.490165e+13
1.645 1.460862e+13 1.655 1.429400e+13
1.665 1.440295e+13 1.675 1.389503e+13
1.685 1.389992e+13 1.695 1.387030e+13
1.705 1.370731e+13 1.715 1.349354e+13
1.725 1.710052e+13 1.735 1.328939e+13
1.745 1.323643e+13 1.755 1.275312e+13
1.765 1.260345e+13 1.775 1.253468e+13
1.785 1.496961e+13 1.795 1.240032e+13
1.805 1.214192e+13 1.815 1.221017e+13
1.825 1.188798e+13 1.835 1.181391e+13
1.845 1.189656e+13 1.855 1.178925e+13
1.865 1.173324e+13 1.875 1.176659e+13
1.885 1.161901e+13 1.895 1.129685e+13
1.905 1.129204e+13 1.915 1.114610e+13
1.925 1.098380e+13 1.935 1.129829e+13
1.945 1.099385e+13 1.955 1.083816e+13
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
1.965 1.057979e+13 1.975 1.049277e+13
1.985 1.051293e+13 1.995 1.021466e+13
2.005 1.528699e+13 2.015 4.987211e+12
2.025 1.484925e+13 2.035 5.021915e+12
2.045 9.888060e+12 2.055 9.850886e+12
2.065 9.660884e+12 2.075 9.707649e+12
2.085 9.584191e+12 2.095 9.742453e+12
2.105 9.696151e+12 2.115 1.027538e+13
2.125 9.351572e+12 2.135 9.468605e+12
2.145 9.793716e+12 2.155 9.205128e+12
2.165 9.217670e+12 2.175 9.058707e+12
2.185 9.097983e+12 2.195 8.898024e+12
2.205 8.650670e+12 2.215 2.379621e+13
2.225 6.006893e+14 2.235 8.055650e+12
2.245 7.814409e+12 2.255 7.637212e+12
2.265 7.686433e+12 2.275 7.714680e+12
2.285 9.074084e+12 2.295 7.425471e+12
2.305 7.919331e+12 2.315 7.222820e+12
2.325 7.233776e+12 2.335 7.037877e+12
2.345 7.069706e+12 2.355 6.964381e+12
2.365 6.936506e+12 2.375 6.939908e+12
2.385 6.952285e+12 2.395 6.719749e+12
2.405 6.641294e+12 2.415 6.733643e+12
2.425 6.632080e+12 2.435 6.629329e+12
2.445 6.453854e+12 2.455 6.737952e+12
2.465 6.243985e+12 2.475 6.232745e+12
2.485 6.131984e+12 2.495 6.038341e+12
2.505 5.907620e+12 2.515 5.998116e+12
2.525 6.105748e+12 2.535 5.942929e+12
2.545 5.770159e+12 2.555 5.927159e+12
2.565 5.817610e+12 2.575 5.729590e+12
2.585 6.309459e+12 2.595 7.311914e+12
2.605 5.839302e+12 2.615 5.467331e+12
2.625 5.587880e+12 2.635 5.933291e+12
2.645 5.344219e+12 2.655 5.394792e+12
2.665 5.358171e+12 2.675 5.574378e+12
2.685 5.238200e+12 2.695 5.105681e+12
2.705 5.040372e+12 2.715 5.148102e+12
2.725 4.921257e+12 2.735 6.298867e+12
2.745 5.019598e+12 2.755 4.726995e+12
2.765 4.707277e+12 2.775 4.653103e+12
2.785 4.527895e+12 2.795 4.595606e+12
2.805 4.575226e+12 2.815 4.535048e+12
2.825 5.885018e+12 2.835 4.484887e+12
2.845 5.030394e+12 2.855 4.292042e+12
2.865 4.307947e+12 2.875 4.319764e+12
2.885 4.170267e+12 2.895 4.093585e+12
2.905 4.176832e+12 2.915 4.023876e+12
2.925 4.212375e+12 2.935 4.079068e+12
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
2.945 4.014497e+12 2.955 3.879438e+12
2.965 7.212884e+12 2.975 3.819147e+12
2.985 6.204116e+12 2.995 4.008043e+12
3.005 9.158967e+12 3.015 3.606599e+12
3.025 3.672415e+12 3.035 3.531466e+12
3.045 6.440915e+12 3.055 3.515021e+12
3.065 3.409346e+12 3.075 3.378608e+12
3.085 3.358237e+12 3.095 3.491691e+12
3.105 3.439766e+12 3.115 3.305688e+12
3.125 3.313392e+12 3.135 3.268593e+12
3.145 3.162686e+12 3.155 3.226932e+12
3.165 3.031422e+12 3.175 3.041900e+12
3.185 2.918504e+12 3.195 2.995887e+12
3.205 2.967646e+12 3.215 3.340117e+12
3.225 2.839323e+12 3.235 2.802385e+12
3.245 2.797641e+12 3.255 2.681919e+12
3.265 2.664423e+12 3.275 3.008242e+12
3.285 2.739549e+12 3.295 2.576277e+12
3.305 3.113363e+12 3.315 2.612653e+12
3.325 2.581274e+12 3.335 2.477746e+12
3.345 2.478903e+12 3.355 2.659984e+12
3.365 2.461551e+12 3.375 3.528226e+12
3.385 2.475138e+12 3.395 2.620607e+12
3.405 2.586323e+12 3.415 2.352494e+12
3.425 2.371478e+12 3.435 2.439493e+12
3.445 2.686021e+12 3.455 2.285243e+12
3.465 2.255309e+12 3.475 4.973989e+12
3.485 2.268448e+12 3.495 2.219577e+12
3.505 2.199357e+12 3.515 2.115208e+12
3.525 2.157007e+12 3.535 2.127660e+12
3.545 3.045321e+12 3.555 2.185068e+12
3.565 2.523868e+12 3.575 2.149381e+12
3.585 2.111190e+12 3.595 4.134482e+12
3.605 2.129596e+12 3.615 2.073687e+12
3.625 2.101520e+12 3.635 2.036470e+12
3.645 2.007507e+12 3.655 2.052567e+12
3.665 2.047271e+12 3.675 2.024920e+12
3.685 2.530021e+12 3.695 1.976599e+12
3.705 1.863218e+12 3.715 2.068106e+12
3.725 1.845779e+12 3.735 1.800452e+12
3.745 1.808118e+12 3.755 1.747903e+12
3.765 1.743298e+12 3.775 1.740058e+12
3.785 1.650206e+12 3.795 2.068511e+12
3.805 1.823617e+12 3.815 1.757279e+12
3.825 1.578238e+12 3.835 1.896296e+12
3.845 1.644028e+12 3.855 2.999143e+12
3.865 1.580840e+12 3.875 1.614080e+12
3.885 2.915379e+12 3.895 1.587445e+12
3.905 1.644375e+12 3.915 1.780731e+12
3.925 1.610193e+12 3.935 1.635733e+12
3.945 1.751346e+12 3.955 1.708812e+12
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
3.965 2.205158e+12 3.975 1.668074e+12
3.985 1.635007e+12 3.995 1.732900e+12
4.005 1.740168e+12 4.015 2.891725e+12
4.025 9.104198e+11 4.035 1.764818e+12
4.045 1.746444e+12 4.055 2.757550e+12
4.065 8.719706e+11 4.075 1.813619e+12
4.085 1.793948e+12 4.095 1.731917e+12
4.105 1.652931e+12 4.115 1.685755e+12
4.125 1.646986e+12 4.135 4.735750e+12
4.145 1.556579e+12 4.155 1.525182e+12
4.165 1.428919e+12 4.175 1.332315e+12
4.185 1.266000e+12 4.195 1.296109e+12
4.205 1.258878e+12 4.215 1.246186e+12
4.225 1.246356e+12 4.235 1.184304e+12
4.245 1.220302e+12 4.255 1.142619e+12
4.265 3.957352e+12 4.275 1.119686e+12
4.285 1.061400e+12 4.295 1.020839e+12
4.305 1.007559e+12 4.315 1.004630e+12
4.325 1.009884e+12 4.335 9.739861e+11
4.345 9.482765e+11 4.355 9.372008e+11
4.365 9.505603e+11 4.375 9.715993e+11
4.385 1.036795e+12 4.395 8.651750e+11
4.405 9.204910e+11 4.415 1.352976e+12
4.425 8.908991e+11 4.435 1.390508e+12
4.445 9.112131e+11 4.455 8.885649e+11
4.465 8.264536e+11 4.475 8.282451e+11
4.485 8.539976e+11 4.495 7.923631e+11
4.505 7.743764e+11 4.515 7.658866e+11
4.525 7.481654e+11 4.535 7.647790e+11
4.545 7.545327e+11 4.555 7.456556e+11
4.565 6.963364e+11 4.575 7.163696e+11
4.585 1.352800e+12 4.595 6.936481e+11
4.605 9.259485e+11 4.615 7.186615e+11
4.625 8.681096e+11 4.635 6.887506e+11
4.645 6.929153e+11 4.655 6.888145e+11
4.665 1.920677e+12 4.675 6.944996e+11
4.685 7.167233e+11 4.695 2.795358e+12
4.705 6.611744e+11 4.715 6.158607e+11
4.725 6.207939e+11 4.735 6.540527e+11
4.745 3.430501e+12 4.755 6.212902e+11
4.765 8.118220e+11 4.775 1.027689e+12
4.785 5.949025e+11 4.795 5.685456e+11
4.805 6.041820e+11 4.815 8.377649e+11
4.825 6.054237e+11 4.835 6.393299e+11
4.845 5.558351e+11 4.855 5.946339e+11
4.865 6.089803e+11 4.875 6.220796e+11
4.885 5.707609e+11 4.895 5.819118e+11
4.905 5.736266e+11 4.915 2.050525e+12
4.925 5.764314e+11 4.935 1.475607e+12
4.945 4.975623e+11 4.955 5.455084e+11
4.965 5.260748e+11 4.975 5.503634e+11
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
4.985 5.341479e+11 4.995 5.520579e+11
5.005 5.126767e+11 5.015 4.826916e+11
5.025 5.037146e+11 5.035 4.996044e+11
5.045 5.412887e+11 5.055 5.170901e+11
5.065 4.700192e+11 5.075 5.745019e+11
5.085 5.406255e+11 5.095 5.010125e+11
5.105 6.846106e+11 5.115 5.772455e+11
5.125 5.310581e+11 5.135 5.177020e+11
5.145 1.997063e+12 5.155 5.113785e+11
5.165 5.522118e+11 5.175 4.914191e+11
5.185 5.294171e+11 5.195 5.020208e+11
5.205 5.444005e+11 5.215 5.263299e+11
5.225 5.169051e+11 5.235 5.418584e+11
5.245 6.550789e+11 5.255 5.580831e+11
5.265 5.504212e+11 5.275 5.743361e+11
5.285 5.244906e+11 5.295 5.619036e+11
5.305 6.754184e+11 5.315 5.113347e+11
5.325 5.206526e+11 5.335 5.147971e+11
5.345 5.276929e+11 5.355 5.382979e+11
5.365 5.380764e+11 5.375 5.736271e+11
5.385 5.171388e+11 5.395 5.015394e+11
5.405 5.300858e+11 5.415 1.733871e+12
5.425 5.667845e+11 5.435 5.571273e+11
5.445 5.391368e+11 5.455 6.708315e+11
5.465 5.332896e+11 5.475 5.618174e+11
5.485 5.585318e+11 5.495 5.586413e+11
5.505 5.495686e+11 5.515 5.331746e+11
5.525 5.756186e+11 5.535 5.057647e+11
5.545 5.348980e+11 5.555 5.399646e+11
5.565 5.026942e+11 5.575 4.766629e+11
5.585 5.040864e+11 5.595 1.075417e+12
5.605 5.267722e+11 5.615 5.094376e+11
5.625 5.190507e+11 5.635 4.682728e+11
5.645 4.686790e+11 5.655 4.612220e+11
5.665 5.045242e+11 5.675 4.571741e+11
5.685 4.548565e+11 5.695 4.564029e+11
5.705 4.441285e+11 5.715 7.169540e+11
5.725 4.460552e+11 5.735 4.040374e+11
5.745 4.353287e+11 5.755 3.871250e+11
5.765 4.239648e+11 5.775 5.570287e+11
5.785 4.111910e+11 5.795 3.959385e+11
5.805 3.817885e+11 5.815 3.545249e+11
5.825 3.876179e+11 5.835 3.637103e+11
5.845 3.468360e+11 5.855 3.370842e+11
5.865 5.709241e+11 5.875 3.397355e+11
5.885 3.188112e+11 5.895 3.267475e+11
5.905 4.485656e+11 5.915 5.399931e+11
5.925 5.354529e+11 5.935 5.277505e+11
5.945 5.392532e+11 5.955 4.024272e+11
5.965 3.489646e+11 5.975 2.827919e+11
5.985 2.805478e+11 5.995 2.554740e+11
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
6.005 3.674495e+11 6.015 5.164679e+11
6.025 4.834572e+11 6.035 4.897761e+11
6.045 5.086166e+11 6.055 3.988978e+11
6.065 2.500871e+11 6.075 2.558117e+11
6.085 2.624314e+11 6.095 2.579830e+11
6.105 1.558257e+12 6.115 2.725090e+11
6.125 2.348627e+11 6.135 2.003392e+12
6.145 2.196368e+11 6.155 2.192791e+11
6.165 2.140340e+11 6.175 2.379119e+11
6.185 2.409399e+11 6.195 2.049124e+11
6.205 5.110552e+11 6.215 1.945707e+11
6.225 2.020367e+11 6.235 2.075089e+11
6.245 1.974325e+11 6.255 1.920793e+11
6.265 1.899133e+11 6.275 2.007160e+11
6.285 2.065150e+11 6.295 1.775850e+11
6.305 1.914853e+11 6.315 1.673034e+11
6.325 9.649453e+11 6.335 1.691586e+11
6.345 1.770888e+11 6.355 1.928736e+11
6.365 1.832057e+11 6.375 1.652355e+11
6.385 3.490924e+11 6.395 1.634659e+11
6.405 1.947082e+11 6.415 1.441378e+11
6.425 1.662058e+11 6.435 1.634661e+11
6.445 3.807068e+11 6.455 1.437772e+11
6.465 1.408025e+11 6.475 1.594552e+11
6.485 1.214146e+11 6.495 1.157232e+11
6.505 1.472022e+11 6.515 1.354339e+11
6.525 1.291647e+11 6.535 1.538584e+11
6.545 1.713602e+11 6.555 1.397128e+11
6.565 1.225326e+11 6.575 9.880281e+10
6.585 1.186937e+11 6.595 1.176841e+11
6.605 1.161999e+11 6.615 1.324736e+11
6.625 1.165907e+11 6.635 1.245175e+11
6.645 1.115926e+11 6.655 1.267828e+11
6.665 1.174193e+11 6.675 1.126141e+11
6.685 1.128728e+11 6.695 1.023539e+11
6.705 1.070783e+11 6.715 5.774526e+11
6.725 1.017917e+11 6.735 8.482316e+10
6.745 1.050463e+11 6.755 1.023882e+11
6.765 1.130359e+11 6.775 9.555631e+10
6.785 1.188993e+11 6.795 1.196080e+11
6.805 1.308399e+11 6.815 2.315277e+12
6.825 9.235663e+10 6.835 1.408460e+11
6.845 1.340405e+11 6.855 1.033817e+11
6.865 1.378261e+11 6.875 7.312211e+10
6.885 9.221820e+10 6.895 8.979516e+10
6.905 8.869022e+10 6.915 8.745354e+10
6.925 4.601687e+11 6.935 1.090995e+11
6.945 1.115065e+11 6.955 9.006083e+10
6.965 7.653812e+10 6.975 8.064646e+10
6.985 7.248628e+10 6.995 7.528584e+10
7.005 9.448118e+10 7.015 9.534935e+10
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
7.025 9.714211e+10 7.035 8.465477e+10
7.045 7.183789e+10 7.055 1.635093e+11
7.065 2.397454e+11 7.075 2.416798e+11
7.085 9.367087e+10 7.095 8.160678e+10
7.105 7.391695e+10 7.115 6.916173e+10
7.125 2.670642e+11 7.135 5.900569e+10
7.145 7.260986e+10 7.155 8.752744e+10
7.165 1.197512e+11 7.175 1.238181e+11
7.185 6.249968e+10 7.195 6.737176e+10
7.205 1.840103e+11 7.215 8.659686e+10
7.225 8.244552e+10 7.235 8.246247e+10
7.245 7.483718e+10 7.255 1.955892e+11
7.265 3.014524e+11 7.275 3.133525e+11
7.285 2.196092e+11 7.295 2.419927e+11
7.305 1.504764e+11 7.315 8.264881e+10
7.325 7.867272e+10 7.335 7.464556e+10
7.345 7.106800e+10 7.355 7.119105e+10
7.365 7.673568e+10 7.375 6.803845e+10
7.385 6.946828e+10 7.395 6.915946e+10
7.405 6.193035e+10 7.415 4.303328e+10
7.425 4.321316e+10 7.435 4.465606e+10
7.445 3.690023e+10 7.455 4.466802e+10
7.465 3.179155e+10 7.475 3.844900e+10
7.485 2.704513e+10 7.495 3.104064e+10
7.505 6.004680e+10 7.515 5.486610e+10
7.525 4.431850e+10 7.535 5.784695e+10
7.545 5.783848e+10 7.555 4.973048e+10
7.565 4.517184e+10 7.575 4.176496e+10
7.585 4.828349e+10 7.595 4.659774e+10
7.605 7.392259e+11 7.615 1.467810e+12
7.625 1.453397e+12 7.635 1.442492e+12
7.645 1.434122e+12 7.655 7.257323e+11
7.665 3.664912e+10 7.675 3.505441e+10
7.685 3.589299e+10 7.695 3.363140e+10
7.705 2.289316e+12 7.715 3.096541e+10
7.725 1.800014e+10 7.735 1.355683e+13
7.745 3.937986e+10 7.755 2.947508e+10
7.765 6.110831e+10 7.775 2.368580e+10
7.785 1.570823e+10 7.795 1.691030e+10
7.805 2.926460e+10 7.815 4.655702e+10
7.825 4.299584e+10 7.835 3.956760e+10
7.845 4.569065e+10 7.855 4.107731e+10
7.865 4.376411e+10 7.875 3.895822e+10
7.885 4.034040e+10 7.895 3.627639e+10
7.905 5.165830e+10 7.915 6.386717e+10
7.925 6.614795e+10 7.935 5.977366e+10
7.945 5.758090e+10 7.955 6.063938e+10
7.965 6.189535e+10 7.975 5.880723e+10
7.985 5.489438e+10 7.995 6.106408e+10
8.005 3.359944e+10 8.015 4.797140e+09
8.025 7.923375e+09 8.035 4.906349e+09
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
8.045 4.354890e+09 8.055 5.856397e+09
8.065 5.279513e+09 8.075 4.435218e+09
8.085 5.090373e+09 8.095 2.549487e+09
8.105 2.147573e+10 8.115 1.763277e+10
8.125 9.655694e+09 8.135 1.589890e+10
8.145 1.936018e+10 8.155 2.164473e+10
8.165 1.985934e+10 8.175 2.083734e+10
8.185 2.631382e+10 8.195 8.983348e+09
8.205 1.247298e+10 8.215 3.063555e+09
8.225 3.206665e+09 8.235 3.853739e+09
8.245 3.874205e+09 8.255 3.514921e+09
8.265 4.863850e+09 8.275 2.328505e+09
8.285 3.661874e+09 8.295 3.345204e+09
8.305 4.031686e+09 8.315 5.020313e+09
8.325 4.231978e+09 8.335 4.492946e+09
8.345 5.798253e+09 8.355 4.732754e+09
8.365 2.464248e+09 8.375 3.589718e+09
8.385 4.512279e+09 8.395 4.614447e+09
8.405 1.955264e+10 8.415 3.853971e+10
8.425 3.167328e+10 8.435 3.140647e+10
8.445 3.478354e+10 8.455 3.087171e+10
8.465 3.298317e+10 8.475 6.953100e+10
8.485 3.040557e+10 8.495 3.427550e+10
8.505 8.172340e+10 8.515 1.316340e+11
8.525 1.303361e+11 8.535 1.268656e+11
8.545 1.302655e+11 8.555 1.283667e+11
8.565 1.237305e+11 8.575 1.349817e+11
8.585 1.338496e+11 8.595 1.286173e+11
8.605 6.392768e+10 8.615 7.986287e+09
8.625 6.504078e+09 8.635 7.555408e+09
8.645 7.504175e+09 8.655 5.872716e+09
8.665 6.833068e+09 8.675 6.995839e+09
8.685 4.709157e+09 8.695 5.958108e+09
8.705 7.367939e+09 8.715 7.844749e+09
8.725 7.307100e+09 8.735 6.415399e+09
8.745 7.085488e+09 8.755 5.239605e+09
8.765 6.516528e+09 8.775 6.888723e+09
8.785 5.980363e+09 8.795 4.994701e+09
8.805 6.840178e+10 8.815 1.214320e+11
8.825 1.226491e+11 8.835 1.268534e+11
8.845 1.178760e+11 8.855 1.261939e+11
8.865 1.224430e+11 8.875 1.366157e+11
8.885 1.264726e+11 8.895 1.324736e+11
8.905 6.931002e+10 8.915 6.146281e+09
8.925 5.408986e+09 8.935 5.399676e+09
8.945 6.887496e+09 8.955 6.614811e+09
8.965 6.276003e+09 8.975 5.742635e+09
8.985 6.271210e+09 8.995 5.927215e+09
9.005 8.610673e+10 9.015 1.615990e+11
9.025 1.678333e+11 9.035 1.720771e+11
9.045 1.714093e+11 9.055 1.681304e+11
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Energy (MeV) Gammas.cm−2.s−1 Energy (MeV) Gammas.cm−2.s−1
9.065 1.674385e+11 9.075 1.707822e+11
9.085 1.734625e+11 9.095 1.654341e+11
9.105 8.616051e+10 9.115 1.155631e+09
9.125 2.009821e+09 9.135 1.208225e+09
9.145 1.845366e+09 9.155 1.286536e+09
9.165 1.305606e+09 9.175 1.058063e+09
9.185 1.061964e+09 9.195 9.791538e+08
9.205 1.136450e+09 9.215 9.122502e+08
9.225 9.122749e+08 9.235 2.059946e+09
9.245 9.669593e+08 9.255 5.374402e+10
9.265 9.926257e+10 9.275 1.024625e+11
9.285 9.926941e+10 9.295 1.003302e+11
9.305 5.550827e+10 9.315 1.460669e+08
9.325 1.133726e+09 9.335 1.771312e+08
9.345 4.236509e+08 9.355 6.491263e+08
9.365 5.813655e+07 9.375 1.647950e+08
9.385 2.632036e+08 9.395 2.513725e+08
9.405 3.494458e+08 9.415 2.818384e+08
9.425 4.144856e+08 9.435 2.633242e+08
9.445 3.332542e+08 9.455 1.944464e+07
9.465 6.965541e+08 9.475 9.258739e+07
9.485 1.055700e+08 9.495 5.605511e+08
9.505 2.498472e+08 9.515 8.267858e+07
9.525 2.915337e+07 9.535 1.604175e+08
9.545 7.775750e+07 9.555 9.802458e+07
9.565 1.280754e+08 9.575 5.073984e+08
9.585 7.980629e+08 9.595 4.329017e+08
9.605 5.345833e+08 9.615 1.665356e+08
9.625 3.253000e+08 9.635 1.012343e+07
9.645 0.000000e+00 9.655 3.471765e+07
9.665 1.990008e+07 9.675 0.000000e+00
9.685 1.888757e+08 9.695 8.369541e+07
9.705 1.704274e+10 9.715 4.168821e+10
9.725 3.882021e+10 9.735 3.733299e+10
9.745 3.793519e+10 9.755 4.080612e+10
9.765 3.823787e+10 9.775 3.822175e+10
9.785 3.958152e+10 9.795 4.000108e+10
9.805 2.163756e+10 9.815 6.697928e+08
9.825 9.388655e+07 9.835 2.337674e+07
9.845 9.830200e+06 9.855 6.407189e+07
9.865 4.979948e+07 9.875 1.745777e+07
9.885 5.032472e+07 9.895 9.315021e+07
9.905 1.029589e+07 9.915 2.917632e+08
9.925 9.944524e+07 9.935 0.000000e+00
9.945 2.565962e+07 9.955 3.595700e+08
9.965 9.820181e+07 9.975 6.477107e+07
9.985 4.609961e+08 9.995 1.040360e+08
